According to standard stellar evolution, lithium abundance is believed to be a useful indicator of the stellar age. However, many evolved stars like red giants show huge fluctuations around expected theoretical abundances that are not yet fully understood. The better knowledge of nuclear reactions that contribute to the creation and destruction of lithium can help to solve this puzzle. Purpose: In this work we apply the Gamow shell model (GSM) formulated in the coupled-channel representation (GSM-CC) to investigate the mirror radiative capture reactions 6 Li(p, γ) 7 Be and 6 Li(n, γ) 7 Li. Method: GSM offers the most general treatment of couplings between discrete resonant states and the non-resonant continuum. The cross-sections are calculated using a translationally invariant Hamiltonian with the finite-range interaction which is adjusted to reproduce spectra, binding energies and one-nucleon separation energies in 6−7 Li, 7 Be. The reaction channels are built by coupling the wave functions of ground state 1 − of 7 Li and 7 Be. Our microscopic astrophysical factor for the 6 Li(p,γ) 7 Be reaction follows the average trend of the experimental value as a function of the center of mass energy. For 6 Li(n, γ) 7 Li, the calculated cross section agrees well with the data from the direct measurement of this reaction at stellar energies. Conclusion: We demonstrate that the s-wave radiative capture of proton (neutron) to the first excited state J π = 1 2 + 1 of 7 Be ( 7 Li) is crucial and increases the total astrophysical S-factor by about 40 %.
I. INTRODUCTION
The structure of low-lying states in nuclei around the beta-stability valley, i.e., low-energy spectra, nuclear moments, electromagnetic transitions, is well described by the standard shell model (SM). In a vicinity of the neutron or proton drip lines, the atomic nucleus becomes weakly bound or even unbound in the ground state, and hence the description of its basic properties requires an explicit consideration of the coupling to the scattering continuum and decay channels. The comprehensive description of bound states, resonances and scattering many-body states within a single theoretical framework is possible in the Gamow shell model (GSM) [1] [2] [3] . The attempts to reconcile the SM with the reaction theory inspired the development of the continuum shell model [4, 5] and the GSM in the channel representation [6, 7] .
GSM is the rigged Hilbert space generalization of the SM [3] . Many-body states are expanded in the basis of Slater determinants spanned by bound, resonance and (complex-energy) non-resonant scattering states of the complete single particle (s.p.) Berggren ensemble [8] . In the past, GSM has been applied mainly to describe the structural properties of many-body bound states, resonances and their decays. However, due to the lack of separation between different decay channels in GSM, one can not describe the nuclear reaction processes directly. In order to describe both the nuclear structure and reactions in a unified theoretical framework, the GSM has been recently formulated in the coupled-channel (CC) representation [6, 7] . The GSM-CC approach has been applied to the low-energy elastic and inelastic proton scattering [6] and proton or neutron radiative capture reactions [7] .
The low-energy proton radiative capture reactions play an important role in the nuclear astrophysics, in particular in the nucleosynthesis of light and medium-heavy elements. In recent years, much interest has been devoted to the study of reactions which can produce 7 Be in the stellar environment [9] , especially to the 6 Li(p, γ) 7 Be reaction which is crucial for the consumption of 6 Li and the formation of 7 Be. This reaction can contribute to the understanding of solar neutrino problem and pp-II, pp-III reaction chains since it produces 7 Be which is destroyed by the 7 Be(p, γ) 8 B reaction. The 6 Li(p, γ) 7 Be reaction has been studied either by direct proton capture
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To remove spurious center of mass (c.m.) excitations in the GSM wave functions, the Hamiltonian is usually written in the intrinsic nucleon-core coordinates of the cluster-orbital shell model (COSM) [33] :
where N val is the number of valence nucleons, M core is the mass of the core, µ i is the reduced proton or neutron mass, U core (r) is the single-particle (s.p.) potential which describes the field of a core acting on each nucleon. The last term in Eq.
(1) represents the recoil term, and V (⃗ r i − ⃗ r j ) is the two-body interaction between valence nucleons. By introducing a one-body mean-field U (r i ), the GSM Hamiltonian can be recast in a form:
H =Û basis +T +V res (2) whereT is the kinetic term,Û basis is the potential which generates the s.p. basis:
and the residual interaction is given byV res :
B. The GSM coupled-channel equations
The antisymmetric eigenstates of GSM-CC can be expanded in the complete basis of channel states ( r, c⟩ =Â( r⟩ ⊗ c⟩):
where T c ⟩ is the target state, c , j c and τ c are the orbital momentum, total momentum and isospin projection quantum numbers of the projectile, respectively,Â is the antisymmetrization operator, and u c (r) r are the antisymmetrized channel wave functions. By inserting Eq. (6) in the Schrödinger equation and then projecting it onto a given channel basis state ⟨r ′ , c ′ , one obtains the GSM-CC equations:
where
and
are the Hamiltonian and the norm matrix elements in the channel representation, respectively. The channel state r, c⟩ can be constructed using a complete Berggren set of s.p. states [8] which includes bound states, resonances, non-resonant scattering states from the contour in the complex k-plane [1-3]:
r⟩, and φ rad i ⟩ is the radial part.
For large projectile momentum, the antisymmetry between the low-energy target states and the high-energy projectile states can be neglected. Hence, the expansion (10) can be written as:
where i max denotes the index from which the antisymmetry effects are neglected, φ i;c proj ⟩ and c targ ⟩ represent the projectile and target states, r⟩ ⊗ c⟩ and φ i;c proj ⟩ ⊗ c targ ⟩ stand for non-antisymmetrized states. In the case i ≥ i max , the GSM Hamiltonian (2) splits intoĤ proj and H targ terms acting on φ i;c proj ⟩ and c targ ⟩, respectively:
Then, the matrix elements of the Hamiltonian H c ′ ,c (r ′ , r) and the overlap O c ′ ,c (r ′ , r) can be calculated with the help of expansion (11) and Eq. (12) . One obtains:
In this equation, k 2 ctarg = 2µE ctarg ̵ h 2 and µ c is the reduced mass of the projectile in the channel c. The channel-channel coupling potential V c ′ ,c (r ′ , r) is given by:
whereṼ c ′ ,c (r ′ , r) contains the channel couplings and exchange terms of the Hamiltonian:
where i, c⟩ =Â( i⟩ ⊗ c⟩). In the same way, for O c ′ ,c (r ′ , r) one obtains:
whereÕ c ′ ,c (r ′ , r) contains the channel couplings and exchange terms arising from the antisymmetrization of channels:
Due to the antisymmetry between the projectile and target states, different channel basis states r, c⟩ are nonorthogonal which leads to a generalized eigenvalue problem. To solve it, the orthogonal channel basis states ( r, c⟩ o =Ô − 1 2 r, c⟩) are applied:
whereÔ is the overlap operator. Then, the GSM-CC equations (7) become:
whereĤ o =Ô 
In the nonorthogonal channel basis, these CC equations become:
where w c (r) r ≡ ⟨r, c Ô 
By inserting (22) in CC equations (21) and replacing matrix elements ⟨r ′ , c ′ Ĥ r, c⟩ using Eqs. (13)- (14), one obtains the CC equations for the reduced radial wave functions w c (r) r:
In this equation,
is the local potential: V (loc) c (r) = U basis (r), and the non-local potential is given by:
The radial channel wave functions u c (r) r are then obtained from the solutions of Eq. (23) using the equation:
(25)
C. Solution of the GSM-CC equations
Using a generalization of the equivalent-potential method [7] , the local V 
and the source term S c (r):
F c ′ (r) in Eqs. (26), (27) is the smoothing function [7] to cancel divergences of the equivalent potential V (eq) c,c ′ (r) close to the zeroes of w c (r).
With these substitutions, the GSM-CC equations (23) become
Eqs. (28) are solved iteratively to determine the equivalent potential, the source term, and the mutually orthogonal radial wave functions w c (r). Starting point for solving these equations is provided by a set of radial channel wave functions {w c (r)} obtained by the diagonalization of GSM-CC equations (21) in the Berggren basis of channels.
III. DISCUSSION AND RESULTS
The differential cross-sections for proton or neutron radiative capture reactions can be expressed using the matrix elements of electromagnetic operators between the antisymmetrized initial and final states. The detailed discussion of relevant cross-sections and various approximations in these calculations, such as the long-wavelength approximation and the treatment of antisymmetry in the many-body matrix elements of the electromagnetic operators, can be found in Ref. [7] .
The radiative capture cross section for a final state of the total angular momentum J f is:
and the total cross section is thus:
Instead of the total cross-section, for the radiative capture of charged particles one often uses the astrophysical S factor:
which removes the exponential dependence of the cross section at low energies due to the Coulomb barrier. η in Eq. (31) is the Sommerfeld parameter:
where Z 1 and Z 2 are the proton numbers of the projectile and target nuclei.
A. Results for the
6 Li(p, γ) 7 Be reaction
In the GSM and GSM-CC calculations for 6 Li, 7 Be, and 6 Li(p, γ) 7 Be we take 4 He as the inert core. For each considered partial wave: l=0, 1, and 2, the potential generated by the core is given by the Woods-Saxon (WS) potential with the spin-orbit term (see Table I ) and the Coulomb potential of radius r Coul =2.5 fm. For the two-body force, we use the Furutani-Horiuchi-Tamagaki (FHT) finite-range two-body interaction [34, 35] . Parameters of the FHT interaction, which were adjusted to reproduce binding energies of low-lying states and proton separation energies in 6 Li and 7 Be, are given in Table II . Detailed introduction of the FHT interaction in the context of GSM calculation can be found in Ref. [7] .
GSM and GSM-CC calculations are performed in two resonant shells: 0p 3 2 and 0p 1 2 , and several shells in the non-resonant continuum along the discretized contours:
, and L
. Each contour consists of three segments joining the points: k min =0.0, k peak = 0.15 − i0.14 fm −1 , k middle =0. In GSM calculations with the FHT interaction (see Table II ), the ground state of a target nucleus 6 Li is One can see in Fig. 1 that the calculated energy levels and proton separation energies are in good agreement with the experimental data, especially for the low-lying bound states 3 2 Be in GSM and GSM-CC are compared to the experimental data [36] . Energies are given relative to the energy of 4 He.
decay thresholds, are also resonances in our framework and decay by the proton emission. The calculated width is smaller than found experimentally, partially due to the missing
Having calculated the antisymmetrized initial ( 6 Li) and final ( 7 Be) GSM wave functions, we can begin the discussion of proton radiative capture cross-section calculation for the reaction 6 Li(p, γ) 7 Be. The description of electromagnetic transitions requires effective charges for proton and neutron. We use the standard values for E1 and E2 effective charges. For E1 transitions, we take [37] :
Z and A are the proton number and the total number of nucleons, respectively. The standard values for E2 transitions are
There are no effective charges for M 1 transitions.
Resonances in the spectrum of a composite A-nucleon system ( 7 Be) correspond to the peaks in the radiative capture cross section at the c.m. energy:
is the GSM-CC energy of the resonance 'i' in the nucleus A, and E (barn.eV)
Plot of the E1 astrophysical factor for the 6 Li(p, γ) 7 Be reaction. The solid line represents the exact, fully antisymmetrized GSM-CC calculation for the capture to both the ground state J the final bound states (J f = 3 2 Figs. 2-4 show the separate contributions to the total S-factor in 6 Li(p, γ) 7 Be reaction: S E1 for E1 transitions (Fig. 2) , S M1 for M 1 transitions (Fig. 3) , and S
E2
for E2 transitions (Fig. 4) . The solid lines in Figs. 2-4 show results of the fully antisymmetrized GSM-CC calculations for the capture to both the ground and the first excited states of 7 Be composite nuclei. The dashed and dotted lines in these figures correspond to GSM-CC calculations for capture to the ground and first excited states in 7 Be, respectively.
As compared to M 1 and E2 transitions, the E1 transitions contribute most to the total astrophysical S factor. This is consistent with results of previous studies [16, 21] which found that the E1 multipolarity and l = 0, 2 incoming partial waves dominate in the gamma-ray transitions. There is no resonant contribution in E1 transitions. The contribution of the capture to the first excited state of 7 Be increases the value of S E1 factor by ∼ 40% (see Fig.  2 ).
Although the S M1 factor is negligible at low energies, its contribution increases fast in the region of 5 2 The E2 transitions contribute little to the total S factor. In general, S E2 is ∼10 3 smaller than S E1 . Only in the narrow range of excitation energies around the 5 2 − 2 resonance, the contribution of E2 transitions become sizable (see Fig. 4 ). [14] (filled circles), [38] (filled triangles), [11] (open triangles), [10] (open stars), and [39] (filled starsonly 1 2 − contribution). The solid line represents the exact, fully antisymmetrized GSM-CC calculation for the capture to both the ground state J The calculated total astrophysical S factor by GSM-CC is compared with the experimental data [10-12, 14, 38, 39] in Fig. 5 . Switkowski et al. [12] (open squares in Fig. 5 ) measured 6 Li(p, γ) 7 Be cross section over a wide energy range of astrophysical interest. These data are well described by the GSM-CC calculations except for the lowest experimental point at E c.m. = 140 keV.
Bruss et al. [39] reported the contribution from the capture to the first excited state J π = 1 2 − 1 of 7 Be (filled stars in Fig. 5) . A strong decrease of this contribution with increasing c.m. energy is not seen in GSM-CC calculations which, on the contrary, predict a weak dependence on energy of this contribution to the total astrophysical factor S(E c.m. ).
Recently, He et al. [14] (filled circles in Fig. 5 ) reported a sudden drop of the total astrophysical factor S(E c.m. ) at low energies and predicted a new positive parity resonance, 1 2 + or 3 2 + , at E c.m. ≃ 0.195 MeV. We do not confirm this experimental finding in our calculations. The energy dependence of the astrophysical S factors has been studied by Prior et al. [15] who showed that S(E c.m. ) has a negative slope towards low energies, while an earlier measurement indicated a positive slope [13] . In our studies, the slope of S(E c.m. ) is negative, and S GSM−CC (0)=88.34 b⋅eV is close to the accepted experimental value S exp (0) =79±18 b⋅eV. GSM-CC results agree also qualitatively with other theoretical studies of this reaction [16, 19, 21] , but predict a lower value for S(0). The long-wavelength approximation simplifies the calculation of matrix elements of the electromagnetic transitions. The quality of this approximation and the role of the antisymmetry of initial and final states is tested in Figs. 6-8. For E1, both the long-wavelength approximation and the absence of antisymmetry in the channel state r, c⟩, i.e. r, c⟩ ≡ r⟩ ⊗ c⟩, decrease the E1 contribution to the total astrophysical S factor (see Fig. 6 ). However, whereas the long-wavelength approximation reduces the S factor by ∼ 5%, the absence of the antisymmetry in the calculation of the matrix elements of the electromagnetic operators reduces it by almost ∼ 50%. For M 1 and E2 transitions, the long-wavelength approximation nearly does not change S M1 and S E2 , while the lack of antisymmetry of initial and final states increases the value of S M1 by a factor ∼ 4 at the first resonance peak and a factor ∼ 2 at the second resonance peak (see Fig. 7 ). The antisymmetrization is significant for S E2 only at the resonance peak (see Fig. 8 ).
B. Results for the
6 Li(n, γ) 7 
Li reaction
In this section, we shall discuss the mirror reaction of the radiative proton capture reaction 6 Li(p, γ) 7 Be. Both reactions are described in the same valence space with the shells in the non-resonant continuum taken along the same discretized contours:
, and
. The WS potential of 4 He core in GSM and GSM-CC studies of 6 Li, 7 Li, and 6 Li(n, γ) 7 Li is given in Table III. The radius of the Coulomb potential is r Coul =2.5 fm. Parameters of the FHT Hamiltonian are given in Table IV .
Spectrum of 7 Li
For the parameters of the GSM Hamiltonian given in Tables III and IV , the ground state of 6 Li is bound by 3.70016 MeV with respect to 4 He. Reaction channels are generated by coupling the GSM states J The energy spectrum of states in 7 Li and the neutron separation energy are compared in Fig. 9 with the experimental data [36] . In GSM-CC calculations, the two-body part ofĤ for J π = 3 2 One can see in Fig. 9 , that the experimental data are well reproduced by the GSM and GSM-CC calculations. The experimental neutron separation energy in 7 Li is S n = 7.249 MeV. This nucleus has four bound states J π = 3 2 section. There is no resonant contribution in E1 transitions. The capture to the first excited state increases the E1 part of the total cross section by ∼ 40%. In M 1 and E2 transitions, the resonant contributions are not negligible. One can see a fast growth of the crosssection around the 5 2 − 2 resonance (see Fig. 12 ). In this resonant M 1 contribution, the radiative neutron capture to the first excited state is negligible. The 5 2 E2 provides the least contribution to the total cross section. Except for the narrow region excitation energies around the 5 2 − 2 resonance, σ E2 is smaller by a factor ∼10 3 than σ E1 (see Fig. 12 ). The total cross sections for the 6 Li(n, γ) 7 Li reaction is compared with the experimental data [26] [27] [28] [29] in Fig. 13 . The three data points at stellar energies [26] obtained by the direct measurement of the cross section in this reaction, are well reproduced by our calculations. At higher energies (E c.m. > 0.5 MeV), the calculated cross-sections overshoot the experimental data [27] [28] [29] by ∼ 20%. These data have been extracted from the photodisintegration cross sections of 7 Li into the n− 6 Li channels. The neutron radiative capture cross section at very low energies can be extracted using the expansion: Applying this formula to GSM-CC numerical data, one finds: σ (GSM-CC) = 51.41 mb at E c.m. = 0.025 eV, in a fair agreement with the experimental data reported in Refs. [40] [41] [42] , and slightly above the data given in Ref. [43] [44] [45] .
The long-wavelength approximation and the role of the antisymmetry of initial and final states in the calculation of matrix elements of the electromagnetic transitions is investigated in Figs. 14-16. One can see that the long-wavelength approximation in the calculation of E1, M 1 or E2 transition matrix elements for this reaction is nearly perfect. On the contrary, the antisymmetry of initial and final states is essential for the calculation of transition matrix elements. It enhances strongly the E1 component in the radiative neutron capture cross section, even at low excitation energies (see Fig. 14) , and diminishes the M 1 component in this cross sections by a factor ∼ 5 at the 5 2 − 2 resonance peak (see Fig. 15 ). Moreover, the E2 contribution to the neutron radiative capture cross section increases by a factor ∼ 4 at this resonance (see Fig. 16 ) if the antisymmetry is carried out exactly. 
